The Relativistic Heavy Ion Collider (RHIC) accelerates nuclei to ultra-relativistic velocities, producing some of the strongest known magnetic fields in the Universe (10 14 − 10 15 Tesla). The highly Lorentz-contracted Coulomb fields of the nuclei generate a flux of linearly polarized quasi-real photons that can interact via the Breit-Wheeler process to produce electron-positron pairs (γγ → e + e − ). Experimental data presented in this article are consistent with Breit-Wheeler theory across all measured differentials. The detected pairs are produced predominantly at low transverse momentum (P ⊥ ) with a smooth invariant mass distribution, with the individual e ± preferentially aligned along the beam direction, and with a 4th-order modulation in azimuth between the e + e − pair and e ± momenta. The P ⊥ spectrum broadens from large to small impact parameters. Our observation opens new opportunities to study Quantum Chromodynamics under extreme conditions and provides a new tool for interdisciplinary study of extreme electromagnetic fields.
Introduction
When an electron at rest annihilates with its antimatter counterpart, a positron (1), the process results in the isotropic and monochromatic emission of two photons (2, 3) . In 1934, Breit and Wheeler studied the theory of the reverse process of "collision of two light quanta" (4) to create electron-positron pairs. The Breit-Wheeler process is one of the fundamental processes in astrophysics (5) where ultra-high energy cosmic photons interacting with the cosmic microwave background photons are used to study the sources and acceleration mechanisms of cosmic rays (6) and to test possible violation of Lorentz invariance (7) . In recent years, high-energy particle accelerators with high luminosity (8) and high-power lasers with fast pulses (9,10) have been able to generate extreme electromagnetic fields and realize photon-photon collisions.
However, observation of the exclusive Breit-Wheeler process has proven elusive eighty-five years after its prediction. The original Breit-Wheeler study (4) realized the near impossibility of achieving γ ray collisions in the existing Earth-based experiments and proposed an alternative approach with photon collisions originating from highly charged nuclei passing each other at ultra-relativistic speeds. Breit and Wheeler derived the cross-section for photon-photon fusion into e + e − pairs, and took notice of the work from Williams and Weizsäcker (11) , demonstrating that, in a certain kinematic phase space, a Lorentz-boosted Coulomb field, propagated as a nearly transverse electromagnetic field, can be quantized into a flux of real photons in the so-called equivalent photon approximation (EPA). We have conducted the very experiment proposed by Breit and Wheeler.
Heavy nuclei with high charge (Z) compensate for the small value of the electromagnetic coupling constant (α), resulting in Zα 1. Measurement of the exclusive Breit-Wheeler process in ultra-relativistic nuclear collisions further requires that the nuclei pass one another with an impact parameter (b) larger than the nuclear diameter in ultra-peripheral collisions (UPCs), such that no strong interactions can take place (12) . The photons generated by highly Lorentzboosted Coulomb fields are expected to be linearly polarized. It has recently been realized that an experimental signature for the collision of polarized photons is a 4th-order modulation in azimuth (the angle in the plane perpendicular to the beam) between the pair momentum and the e ± momentum (13) . This modulation is a consequence of the photon interaction cross-section dependence on the relative angle between the polarization vectors of the two photons. One can identify this process as a flux of linearly polarized photons from one nucleus incident on an extreme electromagnetic field with a fixed circular magnetic component around the other nucleus. The resulting angular dependence of the photon absorption rate is directly related to vacuum birefringence (14, 15) , i.e., a phenomenon in which the refraction index depends on the relative angle between the photon polarization direction and the magnetic field in the vacuum.
The vacuum birefringence process with e + e − pair production requires a critical magnetic field strength eB > eB C ≈ m 2 e ≈ 10 8 Tesla, much larger than can be produced in any laboratory other than an ultra-relativistic heavy-ion facility. Vacuum polarization (16) is a purely quantum mechanical effect responsible for the well-known Lamb shift and the Casimir effect (17, 18) ,
while vacuum birefringence has only been reported as attributed to linear polarization when light passes through strong magnetic fields generated by pulsars (15) .
Conventionally, photon-induced interactions between nuclei are expected to arise only in UPC. However, in the last few years, both photo-nuclear production (19, 20) and photon-photon collisions (21) (22) (23) have been observed in hadronic heavy-ion collisions (HHICs). Experiments have demonstrated that it is possible to identify and measure the photo-processes accompanying the creation of a Quark-Gluon Plasma (QGP). Theoretical models, motivated by the experimental observation of P ⊥ broadening of the produced lepton pairs (22, 23) , introduce the effects of the Lorentz force on leptons (22, 24) from the magnetic field trapped in an electrically conducting QGP (25) or alternatively of the electromagnetic (EM) scattering of leptons in the hot and dense medium (23, 26) . The magnetic field generated by these passing nuclei can reach 10 15 Tesla (27) and has been proposed as an important experimental and theoretical tool for studying new Quantum Chromodynamics (QCD) phenomena (25) . In addition to the two-photon processes, there are also processes in which a photon from one nucleus directly interacts via the strong force with the constituents in the other nucleus or with the other nucleus as a whole, producing hadronic particles such as the ρ, φ, and J/Ψ (28).
The production of e + e − pairs in UPCs has been measured in ultra-relativistic heavy-ion collisions at the SPS (29, 30) , RHIC (31), and LHC (19) . Two-photon production of e + e − pairs has also been studied in high-energy e + + e − collisions at LEP, PETRA, and SLAC but with photons that were significantly virtual, except in a set of so-called un-tagged events (32, 33) . For instance, the OPAL experiment used un-tagged e + + e − events to study the total cross-section for producing hadronic particles from real photon collisions (34) .
In Quantum Electrodynamics (QED), the creation of an e + e − pair inevitably involves the collision of two photons in the simplest Feynman diagram. Different processes are defined depending on the virtuality of the photons and whether the consideration of higher-order processes is necessary. Photons may carry a virtual non-zero mass in their role as an intermediate propagator of the electromagnetic force. For two photons there are three possible interactions:
the collisions of two virtual photons, of one virtual and one real photon, or of two real photons. It is important to note that all three processes could be identified in particle colliders at specific kinematics (35) . Landau and Lifshitz calculated the total cross-section for e + e − production predominantly at the pair threshold via the collision of two virtual photons (36) . Bethe and Heitler studied the collision of one real photon with the virtual photon from a Coulomb field (37) , which is applicable to the production of e + e − pairs at forward angles. The collision of two real photons in the double EPA approach (35), the Breit-Wheeler process, results in a strong constraint on the allowed phase space, and is applicable for the production of e + e − pairs at large angles with large invariant mass.
Recently, the ATLAS Collaboration harnessed the photons produced by the electromagnetic fields in UPCs to observe light-by-light (LbyL) scattering (38) . In both the Breit-Wheeler and the LbyL scattering processes, the two incoming photons interact to create an e + e − (lepton) pair. In LbyL scattering, there is the additional reverse process in which the e + e − pair, serving as a mediator, immediately annihilates to create a pair of outgoing photons.
While two-photon processes have been studied in UPCs for some time, there has been significant confusion and uncertainty about how to distinguish between the different possible processes (31, 39, 40) and to determine if high photon virtuality or higher-order corrections (19, 41) are present. The lack of precise experimental measurements and the lack of kinematic coverage have prevented any definitive distinction thus far. Our current measurements provide extensive kinematic coverage for a comprehensive study to quantitatively address whether or not photon virtuality or higher-order corrections play a significant role in the observed e + e − production. Observation of the exclusive Breit-Wheeler process in ultra-relativistic heavy-ion collisions should have the following distinct features:
• Detection of e + e − pairs without accompanying background particles.
• Observation of a smooth e + e − invariant mass distribution without structure even in the mass range of known vector meson particles since the quantum numbers of two real photons (helicity state of 0 is disallowed) forbid the formation of a vector meson while highly virtual photons allow such a production channel.
• The slope of the invariant mass distribution should be consistent with QED two-body scattering falling off as a function of mass with the characteristic E −4 (E M , where E is the total energy of the pair and M its invariant mass) (42) .
• Observation that the production rate peaks at low pair transverse momentum (P ⊥ ) characteristic of photon collisions generated by the Lorentz-boosted Coulomb field.
• The individual e ± particles should be preferentially aligned longitudinally and the azimuthal angle between the e + e − pair momentum and the individual e ± momenta should display modulations (13) due to the spin states for real photons.
• The measured kinematic distributions should match a theory calculation of the exclusive Breit-Wheeler process without explicit photon virtuality and without employing any higher order corrections.
Experimental Setup and Data Analysis
This measurement of exclusive e + e − pairs was conducted by the STAR Collaboration at the Relativistic Heavy Ion Collider using gold-gold (Au+Au) collisions at a center of mass energy per nucleon pair ( √ s N N ) of 200 GeV. A special triggering system based on signals from several STAR detectors is used to select UPC events that may contain exclusive e + e − pairs (43) . The trigger accomplishes this by selecting interactions that occur in conjunction with the excitation of the passing gold nuclei, followed by their dissociation. Figure 1A shows the Feynman diagram for the γγ → e + e − process along with mutual Coulomb excitation followed by a nuclear dissociation process. The dotted line indicates that the two processes can be factored, i.e., that their interaction probabilities are approximately independent of one another for a given impact parameter (44, 45) . Two Zero Degree Calorimeters (ZDC) located about 18 meters along the beam line on either side of the interaction point were used to detect nuclear dissociation events (46) . Figure 1B shows the energy distribution (ADC sum) measured by the west ZDC in events satisfying the UPC trigger. The UPC trigger was configured with an energy threshold for each ZDC (ADC sum < 1200) that resulted in an inefficiency whenever more than 3 neutrons hit either ZDC. The events are classified by the numbers of neutrons detected in the two ZDCs, with (1n1n) for exactly one neutron in each ZDC and (XnXn) for any numbers of neutrons in each ZDC. More details about the event selection and the triggering system are given in Ref (47) .
In total ∼23×10 6 Au+Au collisions at √ s N N of 200 GeV were recorded using the UPC trigger system corresponding to an integrated luminosity of 697 ± 70 µb −1 in year 2010. However, not all of these events contain e + e − pairs since several other types of interactions may pass the UPC trigger requirements. One of the most common of these processes is the photonuclear production of the ρ 0 meson which subsequently decays to a π + π − pair, meeting our trigger requirement. Therefore, a clean measurement of the exclusive Breit-Wheeler process requires a technique for distinguishing e + e − pairs with high purity. A novel electron identification technique using multiple STAR detectors was developed for this study that achieves better than 99% pure electron selection in ultra-peripheral events (47) . A perspective rendering of a candidate γγ → e + e − event inside the STAR detector is shown in Fig. 1C . In addition to the measurements of exclusive e + e − pairs produced in UPC collisions, we also present measurements from 60 − 80% central (0% is head-on, 100% is a glancing collision) HHICs in which the nuclei undergo a collision with an impact parameter between approximately 11.5 and 13.5 fm.
For more details on the selection and analysis of the HHICs, see Ref. (22) .
Experimental Results
We report a total cross-section for exclusively produced e + e − pairs of 0.261 ± 0.004 (stat.) ± 0.013 (syst.) ± 0.034 (scale uncertainty, see below) mb (area unit of 10 −27 cm 2 ) with an invariant mass of 0.4 < M ee < 2.6 GeV/c 2 and with P ⊥ < 0.1 GeV/c within the STAR acceptance for events with one or more neutrons in each ZDC. Furthermore, we present measurements for exclusive production of e + e − pairs as a function of several kinematic variables to clearly identify the production mechanism. As discussed earlier, multi-differential measurements (invariant mass, P ⊥ , angular distributions, etc.) are needed to distinguish the exclusive Breit-Wheeler process from other possible processes that produce exclusive e + e − final states via highly virtual photons or higher order processes. All measurements have been fully corrected to account for the detector inefficiency and the event selection process.
Measurements of the production rate for exclusive e + e − pairs are shown in the three panels of Fig. 2 as a function of different kinematic variables. Figure 2A shows The electromagnetic field, which is necessary for propagating the photon flux, is highly con-tracted by the extreme Lorentz boost of the static Coulomb field. For this reason, the colliding photons are aligned preferentially in the longitudinal direction leading to a distinctive differential cross-section with respect to the polar angle in the e + e − rest frame (50) . Figure 2C shows In Fig. 3 and Fig. 4 , kinematic distributions of e + e − pairs measured from UPCs are compared to those measured from 60 − 80% central Au+Au collisions to demonstrate the sensitivity of the Breit-Wheeler process to the initial collision geometry. In HHICs the violent strong interactions that may create a QGP produce copious amounts of e + e − pairs through various processes. However, even in HHICs, the kinematic distributions for e + e − pairs produced by photon-photon collisions can be isolated by statistically removing the contributions from all other sources (22) . Figure 3 shows the spectrum of pair transverse momentum squared (P 2 ⊥ ) for e + e − pairs from photon-photon collisions in 60 − 80% central Au+Au collisions along with the same distribution from exclusively produced e + e − pairs in UPCs. Despite originating from the same basic process, the two spectra shown in Fig. 3 show a significantly different shape from one another. The shape of the spectra can be quantified by the spread in the transverse momentum plane (via P 2 ⊥ ) calculated from the data where available plus an exponential fit to estimate the additional contribution above the measured range. We observe a significant (4.8σ) increase in the P 2 ⊥ in 60 − 80% central collisions compared to the same quantity in UPC.
The measured spread in the transverse momentum plane from UPCs and peripheral HHICs are reported in Table 1 .
Theoretical predictions suggest that the collision of linearly polarized photons from an un- 
where C is a constant, A 2∆φ is the magnitude of a cos 2∆φ modulation and A 4∆φ is the magnitude of a cos 4∆φ modulation. Considering the statistical and systematic uncertainties in both collision systems, a significant cos 4∆φ modulation is observed. The observed magnitude and significance of the cos 2∆φ and cos 4∆φ modulations are reported in Table 1 . The data presented in Fig. 4 and Table 1 were not unfolded to remove momentum resolution effects.
However, the effects of momentum resolution were studied and found to be small, reducing the measured A 4∆φ by 10 − 15% relative to the true value. This corresponds to a reduction in the absolute magnitude by ∼ 2% for the measurement in UPCs and ∼ 4% for the measurement in and was found to have a small (less than 5%) impact. Since the e + e − identification provides better than 99% purity, the uncertainty due to contamination was found to be much less than 1%
based on an analysis of like-sign pairs (e + e + and e − e − ). The systematic uncertainties reported here are uncorrelated and may therefore affect the shape of the differential cross-section measured in each panel of Fig. 2 . In addition to the uncorrelated systematic uncertainties, there are scale uncertainties resulting from the luminosity measurement (±10%), the correction needed to scale the UPC trigger condition to the more inclusive (XnXn) cross-section (±5%) (51), and the event selection criteria (±5%). These uncertainties are added in quadrature resulting in a total scale uncertainty of ±13%.
Comparison to Theory and Discussions
In ultra-relativistic heavy-ion collisions, the main difficulty is to verify that the exclusive e + e − process originates from the collision of quasi-real photons and not from other processes that involve highly virtual photons or from higher order contributions. To this end, we have carried out a comprehensive study with ultra-peripheral Au+Au collisions. The cross-section measurements presented in Fig. 2A are compared with three numerical calculations that incorporate mutual Coulomb excitation plus dissociation and the production of e + e − pairs according to the Breit-Wheeler photon-photon fusion cross-section. The STARLight calculation includes impact parameter dependence in the photon flux but neglects its effects on the pair momenta (52) . The generalized EPA calculation (gEPA) is similar to STARLight but with additional impact parameter dependence when calculating the pair momentum (24) . The third calculation is a numerical QED calculation of the differential cross-sections following the prescription in Ref. (35) . We list the predicted total cross-section within STAR acceptance from these three calculations (see Table 1 ), all of which require that the photons be quasi-real or exactly real, to illustrate the range of values predicted for the Breit-Wheeler process in UPCs. The total measured cross-section agrees with all three calculations at the ±1σ level. In Fig. 2C and Fig. 3 , the QED theory curves are scaled down by ∼ 12% to facilitate direct comparison of the differential distributions. The differential distributions presented in Figures 2, 3 , and 4 are all, within uncertainties, consistent with the expectation from the Breit-Wheeler process alone. Deviations from the predictions for the Breit-Wheeler process due to non-zero photon virtuality, if present, are suppressed by 1/γ 2 (γ ≈ 100) (53) . Within the current experimental uncertainties, no evidence for deviations from the predictions for the Breit-Wheeler process is observed. Table 2 lists limits on some effects in addition to the pure Breit-Wheeler process that could be present in the data. We performed fits as follows: 1) We added mass spectral line shapes of vector mesons (ρ, ω, and φ) on top of the pure Breit-Wheeler process to obtain limits on the production rate of those particles; 2) We added the distribution for isotropic decay in addition to the pure Breit-Wheeler cos θ distribution. 3) We fit the P ⊥ distribution (60 − 80% central data only), with the Breit-Wheeler distribution convoluted by a Gaussian to determine if any additional broadening is allowed by the data. The Gaussian σ and overall scale factor are free parameters.
The invariant mass distribution is found to be consistent with the expected shape for the Breit-Wheeler process alone, displaying a smooth, falling structure consistent with the theory expectation for pure 2-body to 2-body scattering in Quantum Electrodynamics. Fits to the Breit-Wheeler shape plus the vector meson's mass spectral line shape are reported in Table 2 . Other processes that may produce e + e − pairs would result in an isotropic emission while only the γγ → e + e − process is expected to produce pairs with the e ± preferentially aligned along the beam axis. In Fig. 2C , the theory curve for γγ → e + e − is shown and, for reference, the curve for isotropic e + e − production is also shown. The fit to the | cos θ | distribution is conducted by allowing the Breit-Wheeler contribution and the isotropic contribution to vary freely. The fit results in an isotropic contribution consistent with zero. The Breit-Wheeler contribution alone can describe the P ⊥ distribution from 60 − 80% central data with χ 2 / ndf = 0.8 considering statistical and systematic uncertainty. However, the best fit value is found using the Breit-Wheeler distribution convoluted with a Gaussian for σ = 14 ± 4(stat.) ± 4(syst.) MeV/c, suggesting that additional broadening of the P ⊥ distribution may be allowed by the data. Based on all of the results listed in Table 2 , we find that the pure Breit-Wheeler process can, within the measured uncertainty, simultaneously describe all the available measurements from ultraperipheral Au+Au collisions.
The theory curves for both the (XnXn) and (1n1n) conditions are shown in Fig. 2B . Our data are in excellent agreement with the model prediction for the scaled (1n1n) condition while the predicted distribution for the more inclusive (XnXn) condition is systematically broader.
The difference between the two predictions is a result of the impact parameter dependence of the model, since the (1n1n) events correspond to collisions at larger mean impact parameters than those for (XnXn) events. While the total measured cross-section has been corrected to the (XnXn) condition, the events selected by the UPC trigger are not corrected for possible P ⊥ shape dependence due to the trigger energy thresholds which reject events with more than ∼4 neutrons in either ZDC. Our data and the comparison to theory show that our trigger preferentially selects events with impact parameters closer to the (1n1n) events than the more inclusive (XnXn) events. A 4.8σ difference in P 2 ⊥ is observed between the UPC data and the 60−80% central data (Table 1 ). Furthermore, the QED calculation, which includes impact parameter de-pendence of the photon-photon interactions in heavy-ion collisions, can describe the production rate and P 2 ⊥ distribution of pairs in both measurements (24) . Figure 3 demonstrates that selecting ultra-relativistic heavy-ion collisions at various impact parameters provides a technique for controlling the production of e + e − pairs via the Breit-Wheeler process.
Theory calculations predict that linearly polarized photon-photon collisions lead to a significant 2nd-order cos 2∆φ and 4th-order cos 4∆φ modulation in ∆φ (13) . The magnitude of the 2nd-order modulation is expected to scale like A 2∆φ ∝ m 2 e /P 2 ⊥ where m e and P ⊥ are the mass and transverse momentum of the electron, respectively. Within the STAR kinematics, the 2∆φ modulation is expected to be highly suppressed while the magnitude of the 4∆φ modulation is expected to be significant. The observed ∆φ modulations for UPCs and HHICs are shown in Fig. 4 and reported in Table 1 . The measurement reported in Fig. 4 is the first experimental observation of a 4th-order azimuthal modulation from e + e − pairs produced in ultra-relativistic heavy-ion collisions.
In UPCs the 4∆φ modulation is observed with 6.7σ significance, at a level consistent with theoretical predictions for linearly polarized photon-photon collisions. Since the photons in UPCs originate from the quantized electromagnetic fields of the nuclei, this process can also be identified as the absorption of a linearly polarized photon from one nucleus by the circular magnetic field generated by the other nucleus. The absorption rate of the photons, the imaginary part of the refraction index, depends on the angle between the photon polarization and the magnetic field direction, resulting in the observed 4∆φ modulation. Recent theoretical work has proposed a multi-step technique for probing vacuum birefringence using high-energy circularly-polarized photons. First, the photons are created from Compton back-scattering off a high-energy electron beam, next the photons travel through a linearly polarized magnetic field generated from an ultra-strong laser source and finally undergo pair conversion in material, allowing the modulation of the photon polarization angle to be detected (54) . Our experiment achieves this goal in a very compact and elegant way.
Conclusion
In summary, through a multi-differential analysis of exclusive e + e − pairs we demonstrate experimental observation of the γγ → e + e − process consistent with the predictions for photonphoton fusion made by Breit and Wheeler in their 1934 paper. Since the colliding photons originate from the highly contracted Coulomb fields, these measurements provide the information needed to map the extreme electromagnetic fields produced in the collision of ultra-relativistic heavy ions for the first time, as depicted in Fig. 1D (47) . We observe a 4.8σ increase in the The cross-sections are reported for events with any combination of neutron breakup (XnXn). Since the P ⊥ shape depends on the impact parameter, theory curves for the (1n1n) and the (XnXn) cases are shown. The total cross-section calculation and theory curves for M ee and P ⊥ are found in Refs. (24, 53) . The | cos θ | calculation is from the STARLight event generator (52) . Table 1 : The top row reports the total measured cross-section within STAR acceptance for γγ → e + e − in (XnXn) events compared with three theory calculations. The lower rows report measurements of ∆φ and P 2 ⊥ from UPCs and peripheral HHICs with the corresponding theory calculations where applicable. The uncertainties reported here are the statistical and systematic uncertainties added in quadrature. The theory calculations for the P 2 ⊥ are from Ref. (24) . The QED calculations for the ∆φ modulations are provided by Ref. (13) . 
